Sustainable Water Infrastructure of the Future: Contest of ideas and ideals in sustainability by Ho, G.
Sustainable water infrastructure of the future–contest of 
ideas and ideals in sustainability 
Goen Ho  
Environmental Technology Centre, Murdoch University, Perth, Australia 
 
Abstract Sustainable water infrastructure for the future involves a journey if we consider the need for 
balancing economic, social and environmental factors. Ideals for the end of the journey are suggested, 
and include water self-sufficiency and mimicking nature. The latter includes separation of wastewater 
streams at source for reuse or recycling. 
Water professionals have a crucial role in implementation of sustainable water infrastructure by 
debating the issues surrounding sustainability, promoting the concepts and ideas to those that can 
implement them. 
There is a need for research into water balance in single and cluster dwellings, village and city scale 
to provide the data for water availability from rainfall, water use, and possible water reuse either for 
self-sufficiency or for mimicking nature. Research into comparison between centralised and 
decentralised water infrastructure systems for sustainability is also required. 
Keywords Sustainable water infrastructure; water reuse; centralised and decentralised water 
infrastructure systems 
 
INTRODUCTION 
The subject of sustainable water infrastructure of the future is indeed a vast one 
encompassing four topics of sustainability, water, infrastructure and the future, each of 
which deserves a separate discourse even in the context of the integration between the four. 
I wish to share my reflection on the topic of sustainability in the context of the integration. 
It is easier for me to first discuss about what is not sustainable, because we tend to identify 
and feel unhappy about what is not sustainable. If we do not have, or do not have adequate, 
water infrastructure, we have contaminated drinking water and polluted streams and rivers. 
This causes endemic water borne diseases in the community, which occasionally become 
epidemic. The economic loss, due to loss productivity and costs of health treatment, and the 
associated human suffering and loss of environmental amenity is clearly undesirable. This 
is the situation faced by many in the developing part of the world, which is inhabited by 
two thirds of the world population. 
In the developed part of the world, we usually have safe drinking water piped to the 
community, wastewater collected in sewers and stormwater collected either with 
wastewater or in a separate stormwater sewer. Drinking water for a city may be supplied 
from surface water by building a water reservoir (dam across a river) upstream of the city. 
A consequence of building the dam is that the river downstream of the dam does not 
receive water in the same quantity and seasonal variation compared to before the dam was 
built, thus altering the ecology of the river to its disadvantage. Collected wastewater is 
usually treated and discharged to a river downstream of the city or the sea. Because 
treatment does not usually remove all pollutants, the river environment becomes degraded, 
for example due to eutrophication (algal blooms due to nitrogen and phosphorus). These 
two situations, one upstream and one downstream of the city due to piping and pumping 
water and wastewater often over considerable distances, are unsustainable environmentally. 
A city is usually built by clearing vegetation and replacing it with impermeable surfaces 
(roads, driveways, car parks and roofs), thus rainfall runoff increases more rapidly 
following rainfall and with a higher peak compared to the original surface. The runoff is 
more likely to cause flooding at a lower rainfall intensity and the quality of runoff is poorer 
compared to runoff from naturally vegetated surfaces. Flooding is controlled by building 
underground or surface storages at high costs. This scenario can also be considered 
unsustainable. 
Building a city may also mean draining of landscape, removing wetlands and covering of 
streams. A consequence is loss of environmental amenity. 
 
Unsustainable situations illustrated above are caused by lack of infrastructure or 
infrastructure that results in negative environmental or social consequences. Hence there 
has been the development of the concept of sustainable development, which must take into 
account and balance economic, environmental and social needs. 
In this paper I trace the development of the concept of sustainability as it applies to the 
water sector. I will first outline some historical background, because it provides the 
backdrop to current advances in our thinking, then explore further the triple bottom line 
concept before discussing in particular three topics that may guide us towards the future. 
These are the concepts of self-sufficiency, mimicking nature and source separation, which 
have been put forward to achieve sustainability. Following this I will consider application 
of the concepts to different scales of development and the need to weave water 
sustainability to sustainability in the other infrastructure sectors (energy, food, materials, 
transport). Finally I will consider the policy framework that could make sustainability 
happen, and whether the developing part of the world can leap-frog in their development 
and avoiding the mistakes that have been experienced in the developed world. 
 
SUSTAINABILITY 
Historical background 
The beginnings of the conversation in sustainability in the water sector are over the same 
period as the beginnings of the environmental movement about four decades ago when 
concerns were raised about the degradation of the environment by developments. 
Developments make economic sense and are desired by society, but may be at the cost of 
environmental degradation. Developments require new sources of water to be developed 
and for wastewater to be collected, treated and disposed. They also require more land 
surfaces to be covered by buildings and roads,  and other impermeable infrastructure 
surfaces, resulting in a changed stormwater run-off pattern. These three are the undesirable 
consequences mentioned in the Introduction section. 
If we go back a further six decades to the beginning of the 20th century we see that it made 
good sense to sewer cities, because people could be separated from their wastes. It breaks 
the faecal oral cycle for the transmission of water borne diseases. Sewering a city incurs 
investment and operation costs, but these costs are justifiable because of the savings from 
avoided health costs. Recent costings by the World Health Organization show that an 
investment of one dollar results in an economic benefit of at least five dollars (Hutton and 
Haller, 2004).  
The collected wastes were not generally treated until a few decades later. Investment in 
treatment was the result of the deterioration of water quality of the receiving water 
environment.  The loss of amenity from the deterioration of the environment is more 
difficult to quantify in dollar terms. Reduced dissolved oxygen in a river results in odour, 
the absence of fish and unpleasant appearance of the water. A more prosperous community 
would want to overcome this loss of environmental amenity. Wastewater is then treated to 
remove its oxygen demand and suspended solids and this restores appearance and dissolved 
oxygen, attracting fish back. 
When wastewater is treated to remove the cause of oxygen depletion, nutrients in the 
wastewater not removed by the treatment process begin to manifest their effects. They 
provide the nitrogen and phosphorus, fertilising algae, which in abundance and during their 
decay also deplete oxygen. Treatment to remove nitrogen and phosphorus is then 
implemented requiring further investment and operating costs.  
There are other polluting ingredients in wastewater after the removal of nutrients. Heavy 
metals may need to be removed, and there are small concentrations of organic compounds 
such as antibiotics and endocrine disrupting compounds that have been raised as possible 
concerns. If this historical trend is projected to its ultimate, we may have to purify the water 
further. Again this may reach its economic unsustainability. 
Turning to stormwater runoff from impermeable surfaces in urban development, sewering it 
makes sense, because it removes the water from the developed site and reduces the 
possibility of flooding at the site, but increases the likelihood of flooding downstream. 
Infrastructure for storing stormwater is therefore required (flood plain or underground 
sewer storage). Investment is therefore required and needs to be balanced with the benefits 
from avoiding the costs due to flooding impairment. 
The historical trend forces us to focus on the concept of the triple bottom line. 
 
Triple bottom line 
The concept of the triple bottom line is an extension of the concept of the economic bottom 
line. The latter takes into account the economic benefits from development solely from the 
consideration of income from a development and the costs incurred for producing the 
income. The latter do not include social costs (e.g. costs of displaced people due to 
development) or environmental costs (e.g. degradation of environmental quality due to 
development). The latter are borne by the community instead of by the enterprise. Taking 
into account the three bottom lines is the responsibility of the community as a whole and 
therefore of government. The process of considering these three is dependent on the system 
of governance of the community and therefore varies from community to community and 
from jurisdiction to jurisdiction. What is clear is that the process involves balancing 
between the need for economic development and the social and environmental needs of the 
community. Compromises are usually made irrespective of system of governance. 
The concept of sustainability in this context is development that takes into account 
economic, social and environmental factors. As discussed above this involves balancing 
between these three factors in a process that is facilitated through a community governance 
system. Viewed from this angle sustainability is a journey, because the community may 
change through becoming more prosperous through development but with deteriorating 
environmental amenities. The community may then want both prosperity and restored 
environmental amenities and improved social conditions. The ideal sustainability goal is 
intergenerational equity so that future generations can still determine their development 
without being lumbered by social and environmental costs unpaid from previous 
generations (Brundtland, 1987). 
The sustainability as a journey for the water sector has been fairly well described as one 
from the water supply city, to a sewered city, drained city, waterways city, water cycle city 
and finally water sensitive city (Wong and Brown, 2009). The progression reflects the 
priority that communities have given in first of all supplying good quality water to the 
community, then installing sewerage to improve public health, followed by drainage to 
protect against flooding. Environmental amenities are then addressed by controlling 
pollution, and this appears to be where cities are currently in the developed world. The 
water cycle city is proposed to ensure that the city diversifies its sources of water (including 
from urban stormwater) and uses water of only the appropriate quality for the intended 
purpose coupled with water use efficiency. The ideal water sensitive city is suggested as a 
city with urban planning and an infrastructure designed to facilitate and reinforce all of the 
above. Case studies that demonstrate aspects of the ideal city are given, but there does not 
appear to be a definitive final destination. This must be the case if sustainability is indeed a 
journey, so that as knowledge increases and community priority changes we will continue 
to modify our definition of what we consider to be sustainable. 
There are however ideals that we can aspire to. These can be put forward to communities to 
consider to inspire and influence our efforts towards sustainability. I will discuss three of 
them and they are not mutually exclusive and may overlap or inter-relate. 
 
Self-sufficiency 
The idea of self-sufficiency in water reflects the ideal or desire for security of water supply 
for all our needs from within the boundary of our properties. People who live in isolated or 
remote areas already operate on this basis and perhaps assisted by the large area of their 
properties. The question is whether, for example, a householder in a city can be fully self-
sufficient within the small area of their land plot. The only source of water is rainfall falling 
within the boundary of the property. Some of this rainfall can be harvested from the roof 
and the remainder from runoff from other surfaces within the boundary. Groundwater, 
recharged from rainfall from within the property (e.g. from an unconfined aquifer beneath 
the property), can also be harvested provided the amount does not exceed its natural 
recharge. 
Two major factors that determine the feasibility of this concept are the climate of the 
locality and availability of technology. Where rainfall is adequate, then the answer to 
whether the householder can be self-sufficient is affirmative. Storage may be required if the 
climate is, for example, Mediterranean with long periods without rainfall. Where rainfall is 
more than adequate, then there will be water export from the property. How this export can 
be handled is discussed below under Mimicking Nature. 
Technology can assist with achieving the ideal of water self-sufficiency. Water efficient 
appliances (e.g. tap/faucet water aerator, low flow shower head, dual flush toilet cistern, 
water efficient washing machine and dishwasher) are becoming more available. 
Technology is also available that can convert wastewater to high purity water. Reliability of 
water purification products is improving rapidly and costs are decreasing. Costs of water 
purification technology are, however, still relatively high and coupled with energy 
requirement will limit the use of this technology to those who see this as a societal 
objective. The need for technology may also be reduced through water reduction and 
conservation measures, for example, shorter shower and having a garden that uses plants 
adapted to the local climate. 
Application of the concept has therefore progressed along the line of using water of the 
appropriate quality for the intended use. Fit for purpose is the term that has been coined, 
and examples are roof rainwater used for drinking and indoor water uses; water from 
bathroom and laundry (greywater) used for garden irrigation. Similarly wastewater, treated 
to only secondary effluent standard, can be used for garden irrigation. 
Water balance around the property boundaries generally indicates that for single or cluster 
of houses water self-sufficiency is feasible. With high-rise buildings the strict application of 
the concept becomes difficult. High-rise buildings are, however, usually located within a 
precinct that includes parks and gardens and under the jurisdiction of a local authority. If 
we extend the self-sufficiency concept to the whole local authority boundaries, then it could 
become entirely feasible and would even provide alternatives that would not be feasible for 
single house lots, as well as economy of scale advantage. 
 
Mimicking nature 
Mimicking nature and its natural processes provides us with an ideal to guide us towards 
environmental sustainability. Nature in its natural state is the setting for ecological systems 
that are complex, dynamic and sustaining and relying solely on water from precipitation 
and its natural variability. It is also solely reliant on the energy derived from the sun and the 
plant nutrients available it. 
Construction of infrastructure considerably alters the routes and flow variation of rainfall 
precipitation. The proportion evaporated or evapotranspired, stored in the soil profile, 
infiltrating to groundwater, flowing as surface run-off is biased towards reduced 
evapotranspiration and more rapid and increased surface run-off. 
The implementation of the self-sufficiency concept returns a property back towards the 
water flow pattern of a natural system. The water flow dynamic balance of the natural state 
can then be used as a guide on how much water can be harvested from natural precipitation. 
Ideally the water import and export from the boundaries of a development will mimic the 
natural state so that the water environment outside the boundaries, especially when still in 
its natural state, is not affected by the development (Ho et al., 2008). 
The water flow balance of the natural state will guide whether there is sufficient water 
available for the implementation of the self-sufficiency concept, if we do not wish to rely 
on sophisticated technology for water purification. It will also guide how much water 
should be exported from the property boundaries if there is more than sufficient rainfall 
precipitation available. 
The concept of mimicking nature is also a useful guide on how to use nutrients contained in 
wastewater. Rather than removing the nutrients as is required if the wastewater is to be 
disposed, using the wastewater after treatment for irrigation of the garden is logical, 
because plants require nutrients. We may also consider growing food in the garden, so that 
we can reduce the import of ‘virtual water’ through the consumption of food. Virtual water 
is water that is required in growing food elsewhere, especially if the crop is irrigated. 
Vegetated surfaces also return the water balance of a property closer to the pre-clearing 
natural state through increased evapotranspiration. The roof of a building can be used to 
grow plants as well as to collect roof run-off. An extension of this is to grow plants on the 
south facing side (or north facing side in the southern hemisphere) of a building to grow 
plants. In this way the surface area of a developed property may resemble more the 
vegetated surface of the natural surface before its clearing. 
Mimicking nature also provides us with a way to return the amenities provided by nature 
such as streams, wetlands, lakes which are up to now engineered away through 
channelisation, drainage, filled and covered. Surface and groundwater flows, which are 
closer to their pre-development state, are conducive to restoring these amenities. 
 
Source separation 
Source separation relates to wastewater and how it can be separated into streams with 
differing characteristics. These are wastewater streams from the toilet, kitchen, bathroom 
and laundry. Toilet wastewater can be further separated to faecal materials and urine. 
Colours have been assigned with blackwater denoting wastewater from the toilet (can be 
separated into brown (faecal materials) and yellow (urine)) and greywater from bathroom 
and laundry, and kitchen wastewater either to grey or blackwater depending on treatment 
method and intended use. 
Separation at source into different streams makes logical sense, because these streams 
differ in quantity and quality, and are suited to different treatment and reuse. Urine can be 
used as a liquid fertiliser simply by diluting it (Matsui et al., 2001). It contains a significant 
portion of nitrogen and phosphorus in wastewater. Brownwater contains most of the solids 
and pathogens. Treatment by composting produces humus materials that can be applied into 
the garden. Greywater can be used for garden irrigation with only filtration if used 
immediately. 
Source separation sits comfortably within the concept self-sufficiency and mimicking 
nature. All components of wastewater can be reused within the property boundaries. And 
just as in nature wastes are deposited into the land environment rather than disposed into 
the water environment.  
Both the water cycle and the nutrient cycle can be considered to have achieved a close loop 
within the property boundaries. 
The concept of source separation extends to the separation of wastewater from industry 
from wastewater from industry. Industry is required to close its water cycle, and the cycle 
of materials contained in its wastewater. This separation will avoid contamination of 
domestic type wastewater with the more contaminated industrial wastewater. 
 
Discussion 
Consequence of longevity of infrastructure 
 
Water infrastructure has a relatively long life, of the order of decades, and the consequences 
of making a wrong choice will be difficult to remedy in the short term. This is particularly 
so for large centralised infrastructure with a correspondingly large investment by 
government. It may not even be feasible to greatly alter the situation, because with the 
infrastructure comes the institutional arrangement for cost recovery for the investment and 
ongoing operation. The institutional arrangement consists of government agencies or 
corporations and the legislation that has set them up. There is a momentum in the direction 
of continuing with what has been well set up. This is the current situation in the developed 
world with existing large centralised water infrastructure. 
The choice of sustainable water infrastructure for the future is therefore crucial, because we 
may make a choice that may be proven to be incorrect in the future. We may impose on 
future generations the consequences of our choice, which will again be difficult to remedy, 
because of the longevity of infrastructure. 
We should also not expect to see rapid development of sustainable infrastructure beyond 
new developments that are receptive to new ideas about sustainability. As with any process 
of change it is likely to be led by progressive individuals (champions) and land developers 
in new developments or re-developments. 
 
Water quality and public health 
In discussing the application of the above concepts the protection of public health should 
not be forgotten. It is a primary reason why we have water infrastructure. In implementing 
the ideals of sustainability we should ensure that water quality for drinking, cooking and 
human contact uses should meet the standards or guidelines for drinking water. The risks of 
human contact with water containing contaminants, particularly pathogens, and of cross-
connections between streams of different water quality should be closely managed. 
Management for this is clearly better carried by a body that is independent of owners or 
occupiers of buildings, which may not be familiar or interested with the operation or 
maintenance of the water infrastructure. 
Concerns about public health from reusing or recycling water are justified. Management of 
water reuse or recycling to achieve sustainability should be given a high priority to ensure 
that risks are not higher than from the current situation in the developed world with 
centralised management of centralised water infrastructure. 
 
Scale of application 
The ideals of self-sufficiency, mimicking nature and source separation can be applied at the 
scale of a single dwelling lot, cluster of dwellings, high rise building, village, municipality 
or indeed a whole city. There are now examples of water self-sufficient dwellings in urban 
areas. There has always been water self-sufficiency in isolated or remote dwellings. Key 
factors are availability of land, rainfall precipitation and water use per person. Technology 
and energy can, however, compensate for the other two factors. In high density urban 
setting the ideals can only be met by including land adjoining the city. The latter needs to 
be recognised and the land accordingly protected for the specified purpose. 
There appears to be an optimum size for the achieving the ideals covered in the above 
concepts. Single dwellings do not offer the advantages of a cluster of dwellings. The latter 
may include features such as wetlands and public open space. It has the advantage of 
economy of scale in using a common treatment plant for, say greywater, which is then used 
for irrigation of the common open space. A large highly populated urban area has the 
disadvantage of requiring land area that may not be available nearby, thus requiring piping 
and pumping of water, likely through several pipes carrying different quality water. A 
larger scale of operation can also cater for emergency purposes, for example water for fire 
fighting. There is a need for research into the optimum scale based on local conditions of 
rainfall, topography, size of water catchments and other special local water features. 
There may a need to research amount of land that is required to grow food for the city, 
unless this is carried out within the city as suggested in the concept of self-sufficiency 
above. The latter strengthens the sustainability case, because the produce does not need to 
be transported large distances, and the nutrients from the wastewater can be recycled for 
food production within the city.  
Not all the food required in a city can be grown within the city, unless the city boundaries 
are enlarged to include not only water for domestic or commercial purposes, but also for 
agricultural purposes. Water used in irrigated agriculture can be greater than water used in a 
city. 
 
Linkage to sustainability in other infrastructure sectors 
Sustainability of the water sector cannot be considered in isolation from the sustainability 
in other infrastructure sectors. These are infrastructure for energy, agriculture, transport, 
buildings and material resources. The interconnection between water and agriculture has 
been mentioned above. Energy is required for pumping water and for operating the 
technology to treat and purify water. Water is also required for power generation from 
fossil fuels, and this has not been taken into account in our discussion thus far, but must 
clearly be included. 
Water is also required for industry and this has also not been discussed in this paper. Water 
requirement varies considerably between industry type, and each deserves a separate 
consideration. Again the sustainability concepts discussed above are applicable.  
What we need to realise is that sustainability in the water sector is complex, not only in the 
areas that are traditionally covered by water authorities (water supply, sewerage and 
drainage) and municipalities (open spaces, wetlands), but that it is intrinsically linked to 
other infrastructure sectors. Further compromises will need to be made in balancing social, 
economic and environmental factors when sustainability in water infrastructure is linked to 
sustainability in other infrastructure sectors. 
 
Policy framework 
If we agree that the ideals or concepts for sustainability in the water infrastructure sector 
are sound, and we wish to implement them, the question then is the policy framework that 
is required to implement them. Water authorities in the developed world are generally 
responsible for water supply, wastewater and drainage. They are in a position implement, 
for example, much of the concept of self-sufficiency. There is growing evidence that a 
number of water authorities are beginning to implement large scale water reuse. Because of 
the need for treatment, piping and pumping for the water to be reused, there is no great 
economic advantage for doing so. Unless there is majority desire by the community of the 
whole city, which then prompts the city government to implement the concept, it is unlikely 
that the water authorities will attempt significant reuse, much less the idea of water self- 
sufficiency. They also need to negotiate with large water users, such as industry, municipal 
authorities, or consider returning the water to the water authorities’ water catchment. 
It is much easier to implement the concept of water sustainability at the single household 
level, cluster of houses or single multistorey buildings. There are an increasing number of 
examples of water self-sufficient households and buildings. They have, however, met 
barriers in implementation, because of the planning and approval processes. The systems 
utilised to implement sustainability are considered to be outside the existing guidelines or 
approval processes. Utilising greywater inside a building, for example, is not covered by 
current regulations, thus a special approval process is required. This process involves 
regulators in the water agency, health department and building authority. It is generally 
lengthy and only those who are persistent would eventually obtain approval. As more cases 
are implemented regulators will accumulate experience, and if there is support from the 
community legislators may enact legislation that will regulate and facilitate the 
implementation of systems that will assist with sustainability. 
There is an imperative for all of us therefore to debate concepts and ideals in water 
infrastructure sustainability, and promote the concept and implementation of sustainability 
to all those involved in the water sector. These include water professionals, land developers, 
builders, regulators, researchers and educators.  
 
While we debate the concept of sustainability of water infrastructure in the developed 
world, we may also ask whether in the developing world there is an opportunity for their 
leap frogging to sustainability. This is development from a situation where there is 
inadequate water infrastructure to infrastructure that is based on the ideals of sustainability 
and thus avoiding the unsustainable situations faced by the developed world. 
In theory it is entirely feasible, but it appears to depend on whether we can demonstrate in 
the developed world the implementation of the sustainability concepts. This is because of 
the apparent desire of the developing world to use the developed world as a model for its 
own development. 
 
Contest of ideas and ideals 
The need to consider equally economic, social and environmental factors to achieve 
sustainable development is now generally accepted. Arriving at the right balance between 
these factors will always be a matter for the local community. Environmental 
considerations will favour the ideal of self-sufficiency and closing the loop for water and 
nutrients onsite. Implementation of this ideal will benefit from mimicking nature and 
considering separation of water streams. 
The contest of ideas and ideals for sustainable water infrastructure is in their 
implementation. It can appear as a contest between implementation at the centralised versus 
decentralised scale. Further examination into the issues reveals, however, that it is not 
necessarily the case. The ideas and ideals can be applied at both scales. Application at the 
large centralised scale appears to be more feasible, because the institutional system that has 
been established to manage water infrastructure and therefore manage public health risks is 
associated with centralised systems. 
It is clear that management for water infrastructure, whether for centralised or decentralised 
infrastructure, should be a common institutional arrangement to ensure proper operation of 
the infrastructure and protection of public health. 
The present institutional arrangement, which has been set up for centralised large scale 
systems, does not facilitate implementation at the decentralised scale. There is a need to 
change this arrangement so that sustainability can be facilitated at all scales. 
Decentralised water systems appear to be more sustainable with some reasons already 
discussed above (Ho and Anda, 2006). Transport of water over long distances is avoided. 
Decentralised system is also less prone to large scale disruption (e.g. act of terrorism). 
Research is, however, required into quantitative comparison between centralised and 
decentralised systems for costs, energy requirement, carbon footprint and other intangibles 
environmental impacts (such as environmental flows). 
 
Conclusion 
Sustainable water infrastructure for the future involves a journey if we consider the need for 
balancing economic, social and environmental factors. Ideals for the end of the journey are 
suggested, and include water self-sufficiency and mimicking nature. The latter includes 
separation of wastewater streams at source for reuse or recycling. 
Water professionals have a crucial role in implementation of sustainable water 
infrastructure by debating the issues surrounding sustainability, promoting the concepts and 
ideas to those that can implement them. 
 
There is a need for research into water balance in single and cluster dwellings, village and 
city scale to provide the data for water availability from rainfall, water use, and possible 
water reuse either for self-sufficiency or for mimicking nature. Research into comparison 
between centralised and decentralised water infrastructure systems for sustainability is also 
required. 
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